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Abstract. 
The comparative study was carried out to show the effect of the halloysite nanotubes 
loaded with three inhibitors with different properties (Korantin SMK, Halox 520 and 
(NH4)2TiF6) as an additive for autonomic corrosion protection of polyepoxy coating on 
steel substrate. The comparison was carried out employing neutral salt-spray test (5 
% NaCl, 35°C, different time). Commercial polyepoxy  coating containing 20 wt% of 
zinc phosphate was used as a benchmark during testing. We demonstrated that 
inhibitor-loaded halloysites at 5 wt% concentration are able to successfully substitute 
20 wt% zinc phosphate in the commercial polyepoxy coating even improving its 
corrosion protection performance, which depends in a large extend on the release 
profiles of the inhibitors loaded into halloysite nanotubes. On the contrary, addition of 
the free inhibitors into the coating showed complete deterioration of the corrosion 
protection properties for all inhibitors. 
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Highlights 
1. 1 wt% of the encapsulated inhibitor Korantin SMK has the efficiency of 20% Zn 
phosphate. 
2. Controlled release of encapsulated corrosion inhibitors at different pH. 
3. Corrosion protection of nanocontainer-impregnated coatings over 1000 h of salt 
spray test.  
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Introduction. 
Recent achievements in nanocontainer-based autonomic corrosion protection 
coatings demonstrated high potential of inhibitor-loaded containers to attain 
autonomous effect to the standard coating formulations [1]. In general, 
nanocontainers’ formation and loading in the size range of 20 nm to 50 µm require the 
ability to form a nanocontainer shell which should be stable, permeable to 
release/upload of the materials and possess other desired functionalities (magnetic, 
catalytic, conductive, targeting, etc.). In order to develop functionalized micro- and 
nanocontainers, one has to combine different properties in the shell structure and 
composition. There are several approaches demonstrated so far for the design of 
nanocontainer depot systems: (i) polymer containers [2], (ii) halloysites [3], (iii) 
nanocontainers with polyelectrolyte shell [4], (iv) layered double hydroxides [5] and, 
finally, (v) mesoporous inorganic materials [6]. Paper of Jadhav et al. [7] describing 
the use of the encapsulated linseed oil for self-healing coatings made this inhibitor as 
an environmentally friendly active cargo. Core–shell microcapsules of urea-resorcinol-
formaldehyde shell and linseed oil core material were prepared for self-healing 
coatings [8]. The capsules contained linseed oil as an active material where Co-
octoate as drier material and/or octadecylamine as corrosion inhibitor can be dissolved 
as additional function component. Other authors showed similar effects for 
polyurethane capsules with linseed oil core containing second corrosion inhibitor 
mercaptobenzothiazole [9]. Smart dual inhibiting effect was also observed for 
microcapsules containing Tung oil as a core and poly(styrene sulfonate)/poly(ethylene 
imine) multilayer shell with corrosion inhibitor benzotriazole intercalated within the 
shell [10]. Corrosion process changes pH in the local area releasing entrapped 
inhibitors and passivating corrosion area. Example of the Layer-by-Layer assembly 
(LbL) technology applied for formation of the inhibitor-loaded capsules is the 
encapsulation of 2-methylbenzothiazole and 2-mercaptobenzothiazole inside 
poly(styrene sulfonate)/poly (diallyldimethylammonium chloride) shell sensitive to the 
local pH changes [11]. These nanocapsules are compatible with epoxy coatings and 
stable during the mixing, application and curing processes. Carneiro et al. [12] showed 
double-loaded nanocontainers based not on the organic core – polyelectrolyte shell 
combination but on inorganic core (layered double hydroxides) containing 2-
mercaptobenzothiazole inhibitor and poly(styrene sulfonate)/poly(allylamine 
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hydrochloride) polyelectrolyte shell loaded with Ce3+. Release of the 2-
mercaptobenzothiazole is based on the intrinsic properties of layered double 
hydroxides to intercalate ion-exchange species between layers while Ce3+ is 
electrostatically released by changing pH of polyelectrolyte shell. 
Changes in the local environment of a coating during corrosion are mostly of chemical 
nature (e.g., electrochemical potential, pH, ionic strength or humidity) which can trigger 
swelling/shrinkage of the nanocontainers or change permeability of the nanocontainer 
shells [13,14,15]. Utilizing pH shift as stimulus for corrosion inhibitor release is the 
most promising way to design autonomic coatings due to the local pH decrease in 
anodic areas and local pH increase in the cathodic ones [16]. There are several 
comprehensive reviews published so far describing various combinations of 
nanocontainers and inhibitors, nature of nanocontainers, release profiles and 
electrochemical studies of corrosion protection performance. H. Wei et al., M.L. 
Zheludkevich et al. [17,18] surveyed anticorrosion performance of inhibitor-filled 
polymeric nano and microcontainers, halloysites, ion exchange clays and mesoporous 
silica capsules. Very detailed review by M.F. Montemor [19] summarized information 
about nano and microcontainers performance in the coatings acquired by localized 
techniques (scanning vibration electrode technique, SVET and scanning ion-selective 
electrode technique, SIET). Y. Lvov et al. [20,21,22] demonstrated halloysite 
nanotubes loaded with corrosion inhibitors benzotriazole, 2-mercaptobenzimidazole 
and 2-mercaptobenzothiazole as effective additives for autonomic protection coatings 
for copper protection. The authors used optical and SEM visualisation to confirm 
autonomic action of the halloysite additives after exposure to 0.5 M aqueous NaCl. 
Another paper of these authors [23] employed SVET to demonstrate protection 
properties on the micron scale on the artificial cracks in NaCl solution. SVET and 
electrochemical impedance spectroscopy (EIS) were also used by us for 
demonstration of the self-controlled inhibitor release properties of benzotriazole-
loaded halloysites in sol-gel coatings for aluminium protection [3,24]. 
Despite large number of the papers devoted to the nanocontainer-based autonomic 
protection coatings, most of them use lab-scale analytical methods for characterisation 
of their performance: EIS, polarisation, SVET and various adapted electrochemical 
techniques. Only paper of M.L. Zheludkevich et al. [25] analysed the efficiency of the 
nanocontainer-based autonomic coatings using industrial methods. However, the 
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current numbers of the reported successful laboratory studies call for the transfer of 
the results to the industry for further commercialisation.  
Here, we present comparative analysis of the halloysite nanocontainers loaded with 
three different inhibitors (Halox 520, Korantin SMK and (NH4)2TiF6) as active 
ingredients for polyepoxy-based autonomic corrosion protection coatings. 
Anticorrosion performance was tested by neutral salt-spray test (ISO 9227, 5 wt% 
NaCl, 35°C, different time) and a standard commerci al polyepoxy paint (Lankwitzer-
Lackfabric GmbH) containing 20 wt% of zinc phosphate was taken as a benchmark. 
Coating adhesion properties and comparative EIS date for the coatings with and 
without inhibitor-loaded nanocontainers are presented in Supporting Information 
section of the paper. 
 
Experimental. 
Materials 
Corrosion inhibitors Korantin SMK (alkylphosphoric ester with the chain length of alkyls 
in the ester group ranging from C6 to C10) and Halox 520 (60 wt% solution of poly(3-
ammoniumpropylethoxysiloxane)dodecanoate in ethanol) were provided by BASF 
company, Germany and C.H. Erbslöh GmbH & Co. KG, Germany, respectively. 
(NH4)2TiF6 and sodium poly(methacrylate) (PMA) were purchased from Sigma-Aldrich 
and used without further purification. Halloysites were provided by Atlas Mining 
Company (Dragon Mine deposit, Utah, USA).   
Preparation of nanocontainers 
Halloysites are naturally occurring layered kaolin-like aluminosilicates with hollow 
tubular structure. The aluminum hydroxide and the silicon oxide layers are bond 
covalently with each other. The bilayer rolls up to a tube, i.e. a hollow cylinder with 
aluminum inside and silicon outside. Halloysite nanotubes used in the paper have 
inner lumen with diameter 15-20 nm with outer diameter around 50 nm (Figure 1a,b) 
and a specific surface area of 60 m2/g with pore volume of 0.2 cm3/g. Loading of the 
halloysite nanotubes with inhibitors was performed from the corresponding solutions 
under reduced pressure. 50 ml of 20 wt% ethanolic (Halox 520, Korantin SMK) or 
aqueous inhibitor solution ((NH4)2TiF6) were mixed with 5 g of empty halloysites and 
then introduced into a desiccator with a reduced pressure. The air goes out from the 
halloysite inner volume, and is replaced by the solution containing corrosion inhibitor. 
The loading was performed three times followed by centrifugation in water at 5000 
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rpm. The inhibitor loading inside halloysite nanotubes was 20±1 wt% for all inhibitors 
presented in this work (measured by TGA, Linseis STA PT1000 with a heating rate 5 
K/min under air), which is the maximal loading capacity for the natural halloysites of 
this type. Outer PMA polyelectrolyte layer was deposited onto inhibitor-loaded 
halloysites by electrostatic adsorption from the 5 wt% aqueous solution. 5 g of loaded 
halloysite nanotubes were added to the polyelectrolyte solution and incubated for 20 
min. Then, the separation of the nanocontainers from the rest of polyelectrolyte 
solution was done by filtration followed by washing in water.  
 
  
Figure 1. TEM (A) and SEM (B) of the halloysite nanotubes used as host containers for corrosion 
inhibitors. Scale bar is 100 nm. 
 
Release measurements in aqueous media 
The release kinetics of inhibitors encapsulated into halloysites was carried out in 5 % 
aqueous halloysite suspensions with various pH values mimicking the local pH 
changes which can be caused by the corrosion onset. The suspensions (500 ml each) 
were exposed to moderate continuous stirring (300 rpm) and pH was adjusted by HCl 
or NaOH. After defined time intervals, the suspensions aliquots of 2 ml were withdrawn 
in triplicate and replaced with the same aqueous solution. The collected samples were 
centrifuged at 5000 rpm to separate the supernatant from the dispersed halloysites. 
The supernatant was then analyzed by inductively coupled plasma atomic emission 
spectroscopy (ICP-AES, Shimadzu ICPE-9800, Japan) for detection of the signals 
from the elements unique for each inhibitor (P for Korantin SMK, Si for Halox 520 and 
Ti for (NH4)2TiF6). The intensity values were used for the evaluation of inhibitor 
concentrations in the release medium and calculation of their release ratio. 
A B 
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Coating application 
Inhibitor-loaded halloysites were added to the polyepoxy coating from Lankwitzer-
Lackfabric GmbH at 1, 3 and 5 wt% concentration (which corresponds to 0.2 wt%, 0.6 
wt% and 1 wt% of the inhibitor in the coating) by mixing with Ultra-Turrax high-speed 
homogenizer (IKA Werke, Staufen, Germany) at 2000 rpm stirring until the entire 
mixture became well-homogenized. This waterborne two component epoxy coating is 
a classical one with epoxy-rich binding agent making the basis for the parent lacquer 
(first component) and a typical water based amino-hardener (second component). 
Then, the coating was applied by spraying (spray-gun nozzle diameter 1.5 mm and 
processing pressure 4.5 bars) on the sand-cleaned steel plates. The plates were 
purchased from Q-Panel R-35 (Q-Lab, USA) with dimension (TxWxL) of 0.8x76x127 
mm. The thickness of all deposited samples was in the range of 75-90 µm depending 
on the sample and quantity of the halloysites in the coating. We did not observe any 
leakage of the inhibitor from the halloysite nanotubes during coating application. 
According to our previous studies, halloysite nanotubes are homogeneously 
distributed in the coating matrix [3, 26]. The same polyepoxy paint both with 20 wt% 
of zinc phosphate and without zinc phosphate was deposited in a similar way for 
comparison. After application, the freshly coated panels were left for room temperature 
curing process for 7 days. 
Characterisation 
SEM measurements were carried out using a Gemini Leo 1550 instrument at an 
operation voltage of 3 keV. The samples were prepared by placing container aqueous 
suspension onto a glass substrate, drying and subsequent gold sputtering. 
Transmission electron microscopy was performed using Zeiss EM 912 Omega 
transmission electron microscope to analyze the structure of halloysite 
nanocontainers.  
The coating thickness was measured with a coating thickness gauge, Surfix® Pro S, 
from PHYNIX, Germany. Anticorrosion performance was tested by neutral salt-spray 
test (Ascott CC450XP salt spray chamber, ISO 9227). Before testing in the salt spray 
chamber, the cured panels were handled as follows: the cut edges and back surface 
were protected using a transparent Scotch tape. Then, in the middle part of each panel 
a vertical scribe with the length of 7 cm and 1 mm width was made using the scribing 
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knife. The scribed panels were placed on the special racks in the salt spray chamber 
with the total inner volume of 450 L and conditions leading to the accelerated onset of 
corrosion: 100% rh, T = 35° C, continuous spraying of 5 wt% aqueous NaCl solution. 
The duration of NSS test was set to 500 h and 1000 h. Three parallel samples were 
measured to collect delamination statistics. The delaminated coatings were 
mechanically detached from rinsed and dried samples after salt spray test with the 
knife according to the DIN EN ISO 4628-8. The photographs of defected plates were 
digitised and transformed to the binary form. The total amount of pixels in corroded 
area was counted and divided by the length of the scribe. Finally, the backward 
transformation yielded the averaged value of the delamination independent of the 
specific measuring point across the scribe.  
 
Results&Discussion. 
The effect of the inhibitor-loaded halloysites inside the coatings is based on the 
controlled release of the corrosion inhibitor from halloysite nanotubes inside the 
damaged area of the coatings. The inhibitor releases in the damaged area from the 
neighbouring halloysite nanotubes and chemisorbs terminating corrosion. It is 
important to achieve high release rates of the encapsulated inhibitor both in acidic and 
in alkaline media for efficient protection effect because of the local pH changes caused 
by corrosion process [16]. 
 
  
Figure 2. (A) – Release of the encapsulated corrosion inhibitors at different pH values after 168 hours 
of incubation for the studied halloysite-inhibitor combinations. (B) – Time-dependent release profiles of 
the encapsulated corrosion inhibitors at pH=10 for the studied halloysite-inhibitor combinations. 
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The nature of the encapsulated inhibitor has considerable influence on its release from 
the halloysite nanotubes at different pH values. As shown in Figure 2a, charged 
(NH4)2TiF6 stays inside halloysite nanotubes at low pH values and then has a rapid 
release growth when pH increasing. This can be explained by the internal structure of 
the halloysite lumen consisting of gibbsite octahedral sheet (Al-OH) groups, which are 
positively charged at pH below 8 while the external surface is composed of the 
negatively charged siloxane groups (Si-O-Si) [27]. Similar effect was also observed 
for Halox 520. Its dodecanoate group is uncharged till pH around 5 (pKa of n-
dodecanoic acid is 5.3) which results in pronounced release from the halloysite 
nanotubes at low pH followed by decreasing to pH 7-8. Then, the release rate is rapidly 
increased due to the recharge of the inner halloysite lumen to the negative value and 
repulsion of the inhibitor out of it.  
Another behaviour can be seen for the neutral Korantin SMK. This inhibitor has similar 
release rate almost within the whole pH range. Slight reduction is found at pH 5-7 with 
further increase above pH 12. Overall, the release efficiency for neutral Korantin SMK 
is higher than that of other inhibitors between pH 0 and 12 probably due to the absence 
of the electrostatic interactions with the inner lumen of the halloysite host. Addition of 
the PMA layer on the Korantin-loaded halloysites significantly reduces release, which 
can be caused by the additional PMA diffusion barrier at the nanotube ends. 
Kinetic release curves at pH=10 (Fig. 2b) confirm the main conclusions derived from 
the pH-dependence of the inhibitor release (Fig. 2a). Charged corrosion inhibitors 
(Halox 520 and (NH4)2TiF6) exhibit rapid initial release from negatively charged 
halloysite lumen achieving a saturation limit at around 80 hours of incubation. Neutral 
Korantin, on the contrary, shows gradual increase of the release with the time reaching 
saturation after more than 240 hours. 
Application of the paint was done by spraying gun at various application times in order 
to achieve thickness of the dried coating compatible for all samples. No leakage of the 
corrosion inhibitor was observed from the intact coatings. Thicknesses of the dried 
coatings are tabulated in Table 1 after measurements of three parallel samples. No 
considerable effects of the loaded halloysites on the adhesion properties of the coating 
to steel substrate was observed (see Supporting Information, Figure S1). 
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Table 1. Thicknesses of the dried coatings on steel substrate. 
Coating type Thickness, µm 
Standard coating with Zn phosphate 85±8 
Standard coating without Zn phosphate 82±7 
Standard coating with pure halloysites, 5 wt% 73±8 
Standard coating with pure (NH4)2TiF6, 5 wt% of inhibitor 72±9 
Standard coating with pure Korantin SMK, 5 wt% of inhibitor 80±4 
Standard coating with Halox 520 loaded halloysites, 5 wt% 81±7 
Standard coating with (NH4)2TiF6 loaded halloysites, 5 wt% 83±3 
Standard coating with Korantin SMK loaded halloysites, 5 wt% 83±4 
Standard coating with Korantin SMK loaded halloysites and PMA 
polyelectrolyte shell, 5 wt% 
86±5 
Standard coating with Korantin SMK loaded halloysites and PMA 
polyelectrolyte shell, 3 wt% 
89±4 
Standard coating with Korantin SMK loaded halloysites and PMA 
polyelectrolyte shell, 1 wt% 
86±3 
 
First, neutral salt spray tests of the standard polyepoxy coating both with 20 wt% zinc 
phosphate and without Zn phosphate were performed as a benchmark (Fig. 3) for 500 
and 1000 h of test duration.  
 
       
 A   B   C   D 
Figure 3. Neutral salt spray test results for standard commercial polyepoxy coating with 20 wt% of Zn 
phosphate (A, delamination 1.4 mm), (B, delamination 3.2 mm) and without (C, delamination 3.7 mm, 
D, delamination 5.8 mm) after 500 h (A, C) and 1000 h (B, D). Plate size is 0.8x76x127 mm. 
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As one can see, complete removal of the zinc phosphate from the coating considerably 
increases coating’s corrosion and degradation. There is corrosion propagation under 
the coating from artificial scribe and also signs of the blistering corrosion accompanied 
by delamination increase from 3.2 mm for Zn phosphate containing coating to 5.8 mm 
for the coating without Zn phosphate (after 1000 h of salt spray test). Direct addition 
of the inhibitors or pure halloysites in 5 wt% concentration to the polyepoxy coating 
without Zn phosphate did not improve corrosion protection performance (Figure 4).  
 
 
(A)      (B)   (C) 
Figure 4. Neutral salt spray test results for polyepoxy coating without Zn phosphate in the presence of 
5 wt% of pure halloysite nanotubes (A, delamination 3.2 mm), Korantin SMK (B) and (NH)4TiF6 (C) 
corrosion inhibitors in pure form, 500 hours. Plate size is 0.8x76x127 mm. 
 
Addition of pure, un-loaded halloysite nanoparticles did not make considerable 
changes in corrosion protection (Fig. 4a) resulting in 3.2 mm delamination, which is 
comparative to the coating without Zn phosphate (delamination 3.2 mm). However, 
addition of the pure corrosion inhibitors drastically decreased corrosion protection of 
the coatings, and after 500 h of salt spray test all exposed coating area was completely 
corroded (Figs. 4b,c). The possible explanation of this effect is the direct interaction 
between coating matrix and corrosion inhibitors which leads to the decrease of the 
barrier properties of the coating and termination of the inhibitor performance [6]. 
Proper use of the nanocontainers should isolate corrosion inhibitor from the coating 
providing its controlled release only in defected areas exposed to corrosion.  
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   (A)   (B)   (C) 
Figure 5. Neutral salt spray test results (1000 hours) for polyepoxy coating without Zn phosphate in the 
presence of Halox 520 loaded halloysite nanotubes, 5 wt% (A, delamination 2.2 mm); (NH4)2TiF6 loaded 
halloysite nanotubes (B. delamination 3.4 mm); Korantin SMK loaded halloysite nanotubes (C, 
delamination 1.2 mm). 
 
Encapsulation of the corrosion inhibitors into the halloysite nanotubes resulted in the 
increase of the protection efficiency (Fig. 5). The protection effect is well correlated to 
the release performance of the inhibitors from halloysite lumen (Fig. 2). Neutral 
inhibitors have the ability to be released at the triggered pH range sustainably. The 
small addition of the encapsulated Korantin SMK (1 wt% of the encapsulated inhibitor 
in the coating) achieved the efficiency of the 20 % Zn phosphate pigment in the 
coating. The isolation of the inhibitor followed by controlled release avoids the 
interaction between inhibitor and other components of the coating formulation resulting 
in more efficient use of the inhibiting agent. These findings are in the agreement with 
the EIS results for the standard commercial polyepoxy paint which demonstrated no 
decrease of the barrier properties upon incorporation of inhibitor filled nanocontainers 
(see Figure S2 in the Supporting Information). 
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   (A)   (B)   (C)  
Figure 6. Neutral salt spray test results for polyepoxy coating without Zn phosphate in the presence of 
Korantin SMK loaded halloysite nanotubes with further deposition of PMA layer at 1 wt% (A, 
delamination distance 4.2 mm); 3 wt% (B, delamination distance 2.3 mm) and 5 wt% (C, delamination 
distance 3.4 mm) of nanocontainer concentration, 1000 hours of the test.  
 
Figure 6 shows that the addition of the polyelectrolyte layer does not have sufficient 
improvements of the inhibitor-loaded nanocontainer-based coatings probably due to 
the interaction between polyelectrolyte shell and polyepoxy coating. However, the 
selection of the proper inhibitor for the metal substrate to be protected is also very 
important step in design of the nanocontainer-based autonomic corrosion protection 
coatings.  
Changing of the encapsulated Korantin SMK to other corrosion inhibitors used in the 
paper did not result in significant improvement of the corrosion protection comparing 
with Korantin SMK loaded halloysite nanotubes. Corrosion protection for all three 
encapsulated inhibitors is similar to the corrosion protection of the standard polyepoxy 
coating containing 20 wt% of zinc phosphate, and encapsulated Korantin SMK showed 
the best results. This is very important achievement especially when one compares 
the quantity of the inhibiting pigment – 20 wt% of zinc phosphate, with the quantity of 
the inhibitors introduced into the coating in halloysite-encapsulated form – 1 wt% (5 
wt% of halloysites with 20 wt% of the encapsulated inhibitor). 
 
Conclusion. 
We performed comparative analysis of the corrosion protection properties of standard 
polyepoxy coating containing 20 wt% of the zinc phosphate with the polyepoxy 
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coatings impregnated with 1 wt% corrosion inhibitor (Korantin SMK, Halox 520 or 
(NH4)2TiF6) encapsulated into halloysite nanotubes by neutral salt spray test (Ascott 
CC450XP salt spray chamber, ISO 9227, 5 wt% NaCl, 35°C, 1 mm scribe, 500 h or 
1000 h time). Despite 20-times decrease of the inhibitor content, introduction of the 
halloysite nanotubes with encapsulated inhibitor into polyepoxy coating demonstrated 
similar corrosion protection performance. The encapsulation of the corrosion inhibitor 
effectively isolate it from the coating matrix inside nanocontainers (halloysite 
nanotubes), where it stays in active, not-bounded form, and controls release of the 
inhibitor only into the damaged parts of the coating.  
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